Type I interferons (IFNs) are critical in animal antiviral regulation. IFN-mediated signalling regulates hundreds of genes that are directly associated with antiviral, immune and other physiological responses. The signalling pathway mediated by mechanistic target of rapamycin (mTOR), a serine/threonine kinase regulated by IFNs, is key in regulation of cellular metabolism and was recently implicated in host antiviral responses. However, little is known about how animal type I IFN signalling coordinates immunometabolic reactions during antiviral defence. Here, using porcine reproductive and respiratory syndrome virus (PRRSV), we found that the genes in the mTOR signalling pathway were differently regulated in PRRSVinfected porcine alveolar macrophages at different activation statuses. Moreover, mTOR signalling regulated PRRSV infection in MARC-145 and primary porcine cells, in part, through modulating the production and signalling of type I IFNs. Taken together, we determined that the mTOR signalling pathway involves PRRSV infection and regulates expression and signalling of type I IFNs against viral infection. These findings suggest that the mTOR signalling pathway has a bi-directional loop with the type I IFN system and imply that some components in the mTOR signalling pathway can be utilized as targets for studying antiviral immunity and for designing therapeutic reagents.
INTRODUCTION
Animal innate immunity is the frontline defence in restricting viral invasion or replication and launching early antiviral responses [1] . Through a cascade of signalling transduction, virus-infected cells or surrounding activated cells are elicited to increase the production of immune effectors. Prominent among these are interferons (IFNs), an essential family of animal cytokines with pivotal influences on biological action, especially those related to antiviral defence [2, 3] . The IFN family is divided into three classes, type I, II and III IFNs, which are distinguished by their distinct receptor complexes [4] . Type I IFNs are perceived by a heterodimeric receptor complex (IFNAR1/2) and form the largest group which comprises more than 10 subtypes including IFN-a, IFN-b, IFN-", IFN-k and IFN-!, generally found in most mammalian species. However, type I IFNs also include species-specific subtypes such as IFN-d (pigs and horses), IFN-t (cattle), IFN-z (mice) and IFN-a! (pigs, horses and cattle).
Furthermore, IFN-a, IFN-d and IFN-! are subtypes that contain multiple genes. For example, the swine genome contains 25, 11 and 8 functional genes of IFN-a, IFN-d, and IFN-!, respectively, which contributes to the diverse features of type I IFNs in immune regulation [5, 6] .
Type I IFNs are primarily thought of as antiviral mediators and play an indispensable role in regulation of antiviral immunity [7] . Upon viral infection, various cellular pattern recognition receptors (PRRs) are involved in regulation of type I IFN production through association with diverse adaptor proteins resulting in activation and nuclear translocation of transcription factors including IFN regulatory factor (IRF) 3, IRF7 and NF-kB to specifically bind to various promoters of type I IFN genes [1, 3, 7] . Once type I IFNs are induced, they are secreted by infected cells and stimulate target cells to induce type I IFN action signalling [8] . The binding of type I IFNs to their specific receptors (IFNAR1/ IFNAR2) on the surface of target cells leads to an intracellular signalling cascade and culminates in the stimulation of hundreds of IFN-stimulated genes (ISGs), which exert various antiviral or virostatic activities [9] . Beyond this classic IFNAR-mediated IFN signalling, other important signalling cascades, including the mitogen-activated protein kinase (MAPK) pathway, the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway, and the pathway mediated by the mechanistic target of rapamycin (mTOR), also potentially interact with type I IFNs for regulatory transcription of diverse ISGs [10] [11] [12] .
The protein of mTOR is an evolutionarily conserved serine/ threonine kinase, which acts as an overriding node for maintenance of homeostasis in animal cells [13] . In mammalian cells, mTOR kinase is a central component that forms two functionally distinct multi-subunit complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). The mTORC1 consists of five components: mTOR, the catalytic subunit of the complex; regulatoryassociated protein of mTOR (Raptor); mammalian lethal with Sec13 protein (mLST8); proline-rich AKT substrate 40 kDa (PRAS40); and DEP-domain-containing mTORinteracting protein (Deptor). In addition to the mTOR and the two other shared subunits of mLST8 and Deptor, mTORC2 also contains a rapamycin-insensitive companion of mTOR (Rictor), mammalian stress-activated protein kinase interacting protein (mSIN1), and protein observed with Rictor 1 and 2 (Protor 1/2). Upon stimulation of external signals such as nutrients, cytokines or growth factors, the mTOR signalling pathway is initiated via the upstream PI3K-AKT cascade [13] . It has been shown that both mTORC1-and mTORC2-signalling cascades are critical for the production and signalling of type I IFNs [12, 14, 15] . For example, Cao et al. reported that the PI3K-mTOR-p70 S6 kinase pathway is required for Toll-like receptor (TLR)-induced type I IFN production in plasmacytoid dendritic cells (pDCs) [16] . The type I IFN system also coordinates mTOR signalling to selectively regulate transcription and translation of various ISGs [15, 17, 18] . A recent study further demonstrated that an Unc51-like kinase (ULK1) acts as a link between the type I IFN response and the mTOR signalling pathway, and that the mTOR-ULK1 pathway is critical for gene transcription mediated by the cis-elements (such as ISREs and GAS) in type I IFN genes [19] . In addition, the mTOR signalling pathway can be activated/regulated by type I IFN responses [15, 20] . However, functions of the mTOR signalling pathway in antiviral immunity, particularly via the regulation of the type I IFN response, remain poorly defined in viral diseases in pigs.
In this study, we focus on the function of the mTOR signalling pathway in the production and signalling of type I IFNs during an antiviral response. Cells infected by porcine reproductive and respiratory syndrome virus (PRRSV) were used to decipher the interaction of type I IFNs and mTOR signalling. In PRRSV pathogenesis, the virus directly infects porcine tissue macrophages (primarily those in the lung and reproductive tract) and monocyte-derived dendritic cells (mDCs), which leads to immune compromise partly resulting from the viral suppression of IFN-a responses. Our previous studies showed that PRRSV infection of macrophages and mDCs is significantly associated with the activation status of these porcine monocytic cells. For example, the alternatively activated (M2) macrophages by IL-4 or IL-10 are significantly more susceptible than the macrophages that are activated by either type I or type II IFNs [21] . Interestingly, through interactions with these cytokines and other cell mediators, mTOR signalling plays a key role in regulating the activation statuses of macrophages [22] . Here, we demonstrate that the mTOR signalling pathway is critical in regulation of PRRSV infection, and that the effect of mTOR in PRRSV infection is mechanistically through regulation of the expression and signalling of type I IFNs.
RESULTS AND DISCUSSION
Genes in the mTOR signalling pathway were differentially expressed in PRRSV-infected macrophages at different activation statuses Macrophages are one of the most important immune effector and regulator cells and display multiple roles in both innate and adaptive immune responses [23] . To maintain their various functions, macrophages undergo phenotypical polarization in response to diverse environmental stimulants [24, 25] . Typical activation statuses characterized in macrophage polarization include classical (M1) and alternative (M2) statuses [21, 24] . M1 status is induced in response to IFN-g and bacterial products, such as lipopolysaccharides (LPS) [21] . M2 status is further categorized into three subclasses: M2a, induced by Th2-type cytokines, IL-4 or IL-13; M2b, obtained by triggering Fcg receptors plus a TLR stimulus; and M2c, activated by glucocorticoid (GC), IL-10 and/or TGF-b [21] .
Previously, we showed that many signalling pathways are significantly modulated in PRRSV-infected macrophages at different activation statuses [21] and it has been shown that mTOR signalling involves regulating macrophage polarization [26] . Genome-wide analysis of gene regulation was conducted in PRRSV-infected porcine alveolar macrophages at different activation states as described [21, 27] . The differentially expressed genes (DEGs) involved in the mTOR signalling pathway, including mTOR complexes, their upstream regulators and downstream effectors, were extracted for further analysis (Fig. S1a , available in the online Supplementary Material). Some of these displayed significantly differential expression and were selected as candidate targets to analyse antiviral regulation of macrophages by mTOR signalling (Fig. S1b, c) . RNA-Seq analysis revealed that a large number of genes in the mTOR signalling pathway were significantly and differentially regulated, including mTOR, Rictor, AKT3, IKBKB, EIF4E, RPS6KB2, EIFEBP2, ULK1 and ULK2 in PRRSV-infected macrophages at different activation statuses. mTOR kinase, the pivotal component for both mTORC1 and mTORC2, was up-regulated in IFN-g (M1) and IL-4 (M2a)-stimulated cells and down-regulated in LPS (M1) and IL-10 (M2c) treatments, but less regulated by antiviral IFN-a1, indicating that mTOR is more related to macrophage activation status, or linking to antiviral regulation through cell polarization. Rictor, the key subunit of mTORC2, was greatly up-regulated by IFN-a1. Two downstream effectors of mTORC1 and mTORC2, RPS6KB2 (also called p70 S6 kinase) and AKT3 respectively, were differentially regulated by macrophage polarization. The results imply that mTORC2 may play a crucial role in macrophage polarization and antiviral regulation, considering Rictor, AKT and p70 S6 kinase are closely relevant to mTORC2 activity [13] . Furthermore, ULK1, acting as a crosslink for type I IFNs-mTOR, was down-regulated by IFN-g, LPS and IFN-a1, and up-regulated by IL-4 and IL-10, which implies that type I IFN signalling correlates with the mTOR signalling pathway to regulate anti-PRRSV infection [12] . Thus, genes related to the mTOR signalling pathway presented a large group of DEGs in PRRSV-infected macrophages at different activation statuses, suggesting that the mTOR signalling pathway closely involves antiviral regulation in macrophages. Previous reports have indicated that mTOR signalling is critical for inter-regulation with macrophage polarization in autoimmune diseases and parasitic infections; however, the involvement of mTOR signalling in viral infection in polarized macrophages has not been previously studied [11] . We therefore focus on examining the significantly differential expression of mTOR-mediated gene responsive pathway based on comparative transcriptomes revealed in macrophages at different activation statuses upon viral infection, rather than a transcriptomic comparison between infected and non-infected tissues/cells, which has been well-documented in previous studies [21] . The significant regulation of mTOR gene responsive pathway in PRRSV-infected macrophages at different activation statuses suggests a potential target to regulate the dynamic interaction between macrophage activation status and PRRSV infection.
Pharmaceutical regulation of mTOR signalling affects PRRSV infection
Two mTOR inhibitors, rapamycin and PP242, and one mTOR activator, MHY1485, were used for pharmaceutical regulation of mTOR signalling. Rapamycin and its analogues are first-generation mTOR inhibitors that associate with 12 kDa FK506-binding protein (FKBP12) to form a complex interacting with the FKBP12-rapamycin binding (FRB) domain in mTOR kinase and in turn disrupt the formation of mTORC1 [28] . Only mTORC1 activity is inhibited by rapamycin in a short time period, and prolonged rapamycin treatment also affects mTORC2 activity [29] . PP242 is a non-selective inhibitor that targets the adenosine triphosphate (ATP)-binding site of mTOR kinase and suppresses both mTORC1 and mTORC2 activities [30] . In contrast, MHY1485 is a novel, potent and selective cellpermeable mTOR activator [31] . Thus, rapamycin, PP242 and MHY1485 were selected to comparatively modulate the mTOR signalling pathway and to examine the effects on IFN production and antiviral response.
The pharmaceutic effect of mTOR mediators was first evaluated in MARC-145 cells, a cell line derived from monkey kidney and well-known for its permissiveness to PRRSV infection. Similar to other studies, rapamycin, PP242 and MHY1485 at doses lower than 1, 8 and 8 µM respectively, caused little cytotoxicity (monitored with an [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] MTT assay, data not shown) or changes in cell morphology during 12-48 h (Figs 1 and 2 ) [28, 31] . In control MARC-145 cells, nearly all cells were infected by PRRSV, shown by the virus replication-competent expression of the red fluorescent protein (DsRed). Treatment of cells with both mTOR inhibitors substantially repressed PRRSV infection, especially, the non-selective inhibitor, PP242, which exerted significantly higher effects than rapamycin to suppress nearly 60-90 % of the viral infection at 0.5-8.0 µM (Figs 1a-e and S2). In contrast, the mTOR activator, MHY1845, had a negligible effect in promotion of PRRSV infection in MARC-145 cells, likely because the basal mTOR activity in the cells was sufficient to support the virus replication and further activation added very little. However, MHY1485 at a high concentration of 8 µM slightly inhibited PRRSV infection ( Fig. 1c-e ), which could be relevant to its inhibitory effect on cell autophagy-a process that might help PRRSV enter cells [31, 32] . Cells treated with both rapamycin and PP242 showed little additive effect on viral repression at a short time treatment, with most virostatic effect from PP242, which non-selectively inhibited both mTORC1 and mTORC2 activity (Figs 2a-d and S2). The combination of PP242 and rapamycin slightly reversed the suppressive effect of PP242 at a long time treatment, probably due to rapamycin relieving the suppression of mTORC2 activity by PP242 as rapamycin only suppresses mTORC1 at a short time period. The addition of the mTOR activator, MHY1485, at 1-4 µM, partly reversed the effect of PP242 in suppression of PRRSV replication (Figs 2a-d and S2), which verified the involvement of the mTOR pathway in the antiviral response from both pharmaceutical loss-of-function and gain-of-function.
The time-course evaluations of rapamycin, PP242 and MHY1485 relative to their efficacy in modulation of PRRSV infection mirrored what was observed in the dosedependence experiments; PP242 at 0.5-8 µM was consistently effective through 12-48 h (Fig. 1b-e) . Rapamycin exerted suppression only after the long time treatment (Fig. 1b-e ). In addition, the reverse effect of the activator, MHY1485, against PP242 was clear at the long time treatment of PP242 during the co-treatment ( Fig. 2a-d) . As a non-selective inhibitor, PP242 has suppressive effects on both mTORC1 and mTORC2 complexes; interestingly, a recent study showed that the prolonged treatment actually strengthened the suppressive effect of rapamycin on mTORC2 [29] . In summary, antiviral regulation could be achieved via pharmaceutical regulation of mTOR activity, and the non-selective inhibitor, PP242, significantly inhibited viral propagation in both dose-and time-dependent manners in MARC-145 cells. that mTORC2 plays more of a role than mTORC1 in regulation of virus replication in cells. To our knowledge, this is one of the first studies that have associated mTORC2 with antiviral regulation in PRRSV infection.
Studies of PRRSV pathogenesis in pigs have concluded that PRRSV is monocytotropic. The primary cell targets, which are highly permissive to PRRSV, consist of tissue macrophages in lungs and the reproductive tract and monocytederived DCs (mDCs) [33] . Thus, we used porcine primary alveolar macrophages and mDCs derived from blood monocytes to validate the results obtained in MARC-145 cells.
Compared to MARC-145 cells, primary porcine macrophages and mDCs are more sensitive to the mTOR mediators. The physiological concentrations of rapamycin, PP242 and MHY1485, which caused little observed/measurable cytotoxic effect in the tested periods, are lower than 1-2 µM. Similar to what we observed in MARC-145 cells, PP242 but not rapamycin showed significant suppression of PRRSV infection in the porcine macrophages. However, because primary macrophages comprise very diverse subsets of cells compared with the established cell line with respect to cell susceptibility to the virus and cell responsiveness to mTOR inhibitors, the suppression of PP242 on the PRRSV infection only attained 20-40 % of the control cells. The most interesting observation was in mDCs, where rapamycin and PP242 acted similarly in suppression of PRRSV propagation, indicating that the expression levels and interaction between mTORC1 and mTORC2 in mDCs were probably different from those in porcine macrophages and especially MARC-145 cells. PP242 displayed an inhibitory effect on PRRSV infection in both macrophages and mDCs with comparable dose-dependence as shown in MARC-145 cells (Fig. 3a, b) . Unexpectedly, rapamycin showed inhibition on PRRSV infection only in mDCs. The activator, MHY1485, had no effect on PRRSV infection in both macrophages and mDCs as shown in MARC-145 cells. Clearly, the effect of pharmaceutical regulation of antiviral response via the mTOR signalling pathway is also dependent on cell types. In general, MARC-145 cells, an established cell line, are more uniform and nearly 100 % permissive to PRRSV; in contrast, porcine primary cells including macrophages and mDCs comprise diverse cell subsets, and are only partially permissive to PRRSV in vitro [33] . Therefore, we observed a more significant and reproducible effect in [3, 34] . For example, several non-structural or structural proteins encoded by PRRSV are capable of functionally inhibiting the components in IFN signalling including IRF3, NF-kB, NEMO and ISGs [35, 36] . This virus-mediated early suppression on both the production and action of type I IFNs (in particular IFN-a subtypes) in primary infection sites (i.e. tissue macrophages and mDCs) is involved in the pathogenic success of PRRSV in pigs. The signalling pathway mediated by mTOR has been well-studied for its key function in regulation of cell growth and cell metabolisms relevant to lipids, protein and RNA [13] . Although mTOR activity has been implied to correlate with IFN signalling, the involvement of mTOR signalling in PRRSV infection and relevant antiviral responses have not been studied [12, 14, 15] . To determine if mTOR signalling is involved in type I IFN production upon PRRSV infection, we analysed the expression of type I IFN genes in virus-infected porcine cells with pharmaceutical modulation of mTOR signalling. Porcine alveolar macrophages were infected with PRRSV along with mTOR inhibitors or an activator, and the expression of type I IFN and their specific receptor genes was examined using validated real time pcr (RT-PCR) assays [37] . We found that PRRSV infection repressed the expression of most type I IFN genes including IFN-a1/5/6/9/12, IFN-d1/3/4/5 and IFN-!1/2/5. Among these IFNs, IFN-a6, IFN-a9 and IFN-!5 exert the highest anti-PRRSV activity as shown in our previous studies (Fig. 4a) [37, 38] . Meanwhile, the porcine IFN-a! and IFN-b subtypes, which generally had less virostatic activity than porcine IFN-a subtypes, were stimulated by PRRSV infection (Fig. 4a) . Corresponding to this observation, we and others have postulated that family-wide evaluations and subtype-specific regulation of porcine type I IFNs are critical for studying PRRSV pathogenesis and antiviral responses, rather than only evaluating a few IFN subtypes (primarily IFN-a1 and IFN-b) [5, 37] .
Upon treatment with mediators of the mTOR pathway, we observed that PP242, a non-selective mTORC inhibitor, significantly reversed the suppression of all analysed type I IFN subtypes except for IFN-a! and IFN-b (Fig. 4b) . In comparison to PP242, the mTORC1 inhibitor rapamycin and activator MHY1485 showed much less effect on PRRSV-induced inhibition of type I IFN gene expression. In addition, we also examined the expression of cellular receptors for type I IFNs, IFNAR1 and IFNAR2. PP242 treatment stimulated expression levels of IFNAR1 and IFNAR2 genes; in contrast, the mTOR activator MHY1485 suppressed expression of both IFN receptor genes. This indicates that suppression of the mTOR signalling pathway by the inhibitor PP242 induces a cellular stress response, which strengthens IFN responses via synergistic stimulation of both IFN production and signalling perceiving by IFN receptors. In addition, comparison between the effects of rapamycin and PP242 also revealed that the mTOR signalling pathway, especially mTORC2 signalling, has a predominant role in regulating the transcription of genes relevant to type I IFN production and signalling (Fig. 4b) . Furthermore, we measured IFN-a proteins secreted in culture supernatants collected from MARC-145 cells treated with mTOR inhibitors or activator. We showed that the mTOR inhibitor, PP242, increased IFN-a production, the most effective IFN subtype that acts against PRRSV, potentially providing a way to counteract viral suppression on IFN production (Fig. 5a ) [5, 37] . In summary, our data show an inter-systemic regulation of antiviral responses at the cellular level, suppressing viral infection via modulation of mTOR signalling associated with cell metabolic status. Thus, the crosstalk between the mTOR and type I IFN signalling pathways implies multifunctional properties of mTOR and type I IFNs in regulation of both metabolic and immune responses, which reveals more targets for antiviral regulation.
Through interaction with their specific receptors, type I IFNs induce expression of a myriad of IFN-stimulated genes (ISGs) to exert antiviral and other biological functions [1, 3, 9] . ISGs are a collection of hundreds of genes up-regulated in response to IFN production that have diverse roles in antiviral regulation. Typical ISGs, including PRRs, IRFs and other signal transducing proteins, function in magnifying type I IFN signalling or directly inactivating viruses [9] . IRFs, particularly IRF3 and IRF7, are critical transcription factors in mediation of signalling of both type I IFN production and action. Not only functioning in stimulating type I IFN production, IRF3 and IRF7 are also up-regulated by type I IFNs produced upon viral infection to form a positive regulatory loop in type I IFN signalling. Therefore, IRF3 and IRF7 are maker genes of ISGs to indicate activation of type I IFN signalling. Using the promoter-reporter system constructed with central promoter elements of human IRF3, IRF7 and Mx1 genes [37] , we showed that PRRSV infection suppressed promoter activity of IRF3, IRF7 and Mx1, and the suppression was successfully reversed by mTOR inhibitors rapamycin and PP242 at physiological concentrations ( Fig. 5b-d) . In contrast, the mTOR activator, MHY1485, had little effect. In eliciting IFN gene expression in different cell types, IRF3 acts to activate the IFN-b gene, and IRF7 primarily activates the IFN-a gene [39] . Our data showed that PP242 increased IRF7 promoter activity more than rapamycin, which correlates with PP242's higher effect in stimulating IFN-a expression (Fig. 4b) , and viral repression. In general, most porcine IFN-a subtypes exert much higher anti-PRRSV activity than IFN-b. In this context, the interferon-induced dynamin-like GTPase gene, Mx1, encodes a typical effector ISG to directly restrict viral infection, and serves as an indicator for type I IFN action [39] . Similarly, we showed that inhibition of mTOR signalling by rapamycin, and in particular PP242, enhanced the promoter activity of the Mx1 gene, indicating higher antiviral IFN responses elicited by inhibition of mTOR signalling (Fig. 5d) .
Collectively, our findings indicate that PRRSV replication and antiviral response in cells are significantly regulated through modulating mTOR signalling, which in turn affects both cell metabolic and immune statuses. Furthermore, through detection of type I IFN production at mRNA and protein levels as well as determination of ISG-stimulating activity, we found that the regulation of mTOR signalling in antiviral responses is, at least in part, mediated by changing type I IFN production and action signalling. Although mTOR signalling is involved in multiple physiological and metabolic processes, our results clearly revealed that the interaction between the type I IFN and mTOR pathways likely plays a major role in anti-PRRSV regulation. Together with direct analyses of type I IFN gene expression and protein secretion, the data imply that modulation of the mTOR signalling pathway, in particular those aspects mediated by mTORC2, could significantly potentiate type I IFN signalling, and reverse PRRSV-suppression on type I IFN signalling. Thus, polarization of cell metabolic statuses through modulation of the mTOR signalling pathway may provide an alternative to potentiate IFN responses for antiviral regulation.
Genetic silencing of mTOR signalling regulates PRRSV infection
After pharmaceutical demonstration of the involvement of mTOR signalling in regulation of IFN-mediated cell antiviral responses, we genetically manipulated two key subunits of mTORC1 and mTORC2 to confirm this observation. Studies showed that knockout of Raptor or Rictor correspondingly blocked mTORC1 or mTORC2 pathway activity, respectively [40, 41] . Using the newly developed genome editing system, CRISRP/Cas9, we suppressed transcription of either Rictor or Raptor in nearly 60 % of MARC-145 cells (Fig. 6a, b) . Consistent with our observation using mTOR inhibitors, genetic suppression of Rictor, the essential factor for mTORC2, significantly suppressed PRRSV infection in MARC-145 cells (Figs 6c and 7a) . In contrast, PRRSV infection was only slightly inhibited by silencing Raptor, the component of mTORC1. Therefore, our tests reproducibly showed that inhibition of mTORC2 activity either pharmaceutically by PP242 or through gene silencing of Rictor induced protection against PRRSV infection in MARC-145 cells. Analyses of culture supernatants using bioassays of the ISG promoter-reporter system verified that gene silencing of Rictor enhanced the upregulation of promoter activity of ISG genes including IRF3, IRF7 and Mx1, plausibly through increasing type I IFN production in Rictor-silent cells (Fig. 7b-d) . The data obtained from both pharmaceutical treatments and genetic manipulation indicate that signalling mediated by mTORC2, but not mTORC1, is associated more with cell antiviral response, and that suppression of mTORC2 activity may provide a selective target to regulate anti-PRRSV immune responses. Compared with studies on mTORC1, little is known about biological functions mediated by mTORC2. Our results imply a potential immune regulation role of mTORC2 rather than the primary metabolic regulation mediated by mTORC1 [42] . Further studies are required to understand signalling cascades and molecular mechanisms of mTORC2 in the regulation of antiviral immunity, in particular, its potential to be targeted for antiviral regulation in vivo. isolation of porcine alveolar macrophages and peripheral blood mononuclear cells (PBMCs) were previously described [21, 27] . In brief, 5-week-old clinically healthy pigs from a herd without viral infection history were used for obtaining primary cells. PBMCs were isolated from blood collected by jugular venipuncture from anaesthetized pigs, using Histopaque-1077 (Sigma). (MEM, Gibco) containing 8 % foetal bovine serum (FBS; Gibco) and 1Â antibiotic-antimycotic (Gibco). 293FT (Invitrogen) cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10 % FBS (Gibco), 1Â MEM non-essential amino acids solution (NEAA; Gibco). Macrophages and PBMCs were maintained in RPMI-1640 medium containing 10 % FBS and 1Â antibiotic-antimycotic. mDCs were generated from PBMCs stimulated with IL-4 (2 ng ml À1 ) and GM-CSF (5 ng ml À1 ) (R&D Systems) and maintained in RPMI-1640 medium containing 10 % FBS and 1Â antibiotic-antimycotic [43] . P129-GFP and DsRed-labelled PRRSV were used in this study [44] .
METHODS

Cells and viruses
Cell polarization, viral infection and transcriptomic shotgun sequencing Procedures for macrophage polarization were performed as previously described [21, 27] . Briefly, porcine alveolar macrophages were stimulated with mediators (LPS, IFN-a1, IFN-g, IL-4 and IL-10; R&D Systems) at 20 ng ml À1 for 30 h, followed by infection of P129-GFP at a multiplicity of infection (m.o.i.) of 0.1 for 5 h. After polarization and infection, cells were washed twice with fresh culture medium, and then total RNA was extracted from 3Â10 7 cells of each treatment using RNA/ DNA/protein purification kit (Norgen Biotek). To be qualified for constructing RNA-Seq libraries, RNA concentration and quality were evaluated with a NanoDrop 8000 spectrometer (NanoDrop) and Agilent 2100 Bioanalyzer (Agilent Technologies) to ensure RNA samples with A260/A280 >1.8 and RNA integrity number (RIN) >7.0. All transcriptomic shotgun sequencing was conducted following the procedures of Illumina Pipeline (BGI Americas). Genome-wide transcriptomic analysis was performed using 25-30 M clean reads per sample. Data analyses were conducted as previously described [21, 27] . 
Antiviral analysis
Real-time PCR and Western blotting assay
The primer information used for PCR assays of porcine type I IFNs was adapted from our previous publications (Tables S1 and S2 , Sang et al. [5, 37] ). Porcine alveolar macrophages were infected with DsRed-labelled PRRSV at an m.o.i of 0.5 with treatment of mTOR inhibitors or activator for 12 h. Total RNA was extracted from 2Â10 5 cells of each treatment using an RNA/DNA/protein purification kit. Real-Time PCR (RT-PCR) assay was performed using a GoTaq 2-Step RT-PCR System (Promega). Total cDNA was reverse transcribed from RNA pools (2 µg RNA in a 20 µl reaction mixture) using random primers. RT-PCR analysis was conducted using a StepOnePlus RT-PCR system (Applied Biosystems). Reactions were run with 1 µl cDNA in a 20 µl reaction mixture, and set at 95 C for 2 min followed by 40 amplification cycles of 95 C for 15 s, 60 C for 1 min with a melting curve, 95 C for 15 s, 60 C for 1 min, a ramp from 60 to 95 C at an 1 % rate, and 95 C for 15s. Critical threshold (Ct) values and melt curves were monitored and collected. Relative gene expression data were first normalized against Ct values of the housekeeping gene (bActin), and the relative expression index (2 -DDCt ) was determined compared with expression levels of control sample for stimulated regulation.
Gene silencing based on the CRISPR/Cas9 system pHR-Cas9-2A-puro and phU6/BB-GFP plasmids were constructed on the basis of pHR-SFFV-dCas9-BFP (Addgene, no. 46910), pSpCas9(BB)-2A-GFP (Addgene, no. 48138) and pgRNA-humanized (Addgene, no. 44248). All sgRNA expression constructs were obtained with BbsI by inserting an annealed oligo pair encoding 20 nt guide sequences. All restriction enzymes, Quick Ligation kit, Quick-Load Taq Â2 Master Mix and Phusion High-Fidelity PCR kit were purchased from New England Biolabs.
Lentiviral constructs for efficient transfection and expression of Cas9 and sgRNA in mammalian cells were produced using a second-generation lentiviral system with pMD2.G (Addgene, no. 12259) and psPAX2 (Addgene, no. 12260). 293FT cells were transfected with envelope plasmid (pMD2. G), packaging plasmid (psPAX2) and transfer plasmid (pHR-Cas9-2A-puro for Cas9 expression or phU6/BB-xx-GFP for sgRNA expression) at a ratio of 0.9 : 1.5 : 2.1 or 0.9 : 1.5 : 1.5 (g). Briefly, 293FT cells were grown in 24-well plates overnight to reach 70 % confluence and transfected with 1 µg DNA/well in total using XtremeGene9 transfection reagent (Roche) at a transfection reagent : DNA ratio of 2.5 : 1. After incubation for 8 h, the growth medium was refreshed, and lentivirus-containing supernatants were collected for transducing target cells at 48 h post-transfection. The MARC-145 cells that stably express Cas9-2A-puro were enriched by lentiviral transduction, and selected with a complete culture medium including 7 µg ml À1 puromycin (InvivoGen). After obtaining the Cas9-expressing cell line, five different sgRNA-expressing lentiviruses for Rictor and three different sgRNA-expressing lentiviruses for Raptor were combined and transformed into Cas9-expressing cells to knockout/down-regulate target genes as described previously [45] .
Statistical analysis
All statistical analyses were performed using Student's ttest. Data are presented as mean±SEM. P<0.05 was considered statistically significant.
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